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in	 front	of	others,	fighting	against	strict	deadlines,	or	undergoing	a	 job	 interview	are	often	
experienced	as	stressful.	To	start	with	an	everyday	example,	a	stressful	situation	that	I	remem-
ber	particularly	well	was	my	driving	 test.	Although	 this	 is	now	almost	 ten	years	 ago,	 I	 still	





this	 thesis,	 I	 set	out	 to	better	understand	what	happens	 in	our	brain	when	we	encounter	
something	stressful.
The	 introduction	 of	 this	 thesis	 starts	 with	 an	 attempt	 to	 define	 stress.	 Thereafter,	 the	
biological	response	to	stress	is	described	in	more	detail	including	the	main	messengers	and	
their	way	of	action.	The	focus	will	be	on	the	stress-hormone	cortisol	and	one	of	its	receptors,	






























experience	to	experimentally	 induce	mild	stress	 in	the	 laboratory	and	 investigate	how	this	
affects	participants’	behavior.
































immediate	survival	 such	as	digestion	 (Dünser	&	Hasibeder,	2009)	or	 reproduction	 (Kraut	et 
al,	2004).	On	a	neural	level,	norepinephrine	rapidly	leads	to	an	upregulation	of	the	‘salience	
network’,	a	set	of	brain	regions	important	in	detecting	and	processing	important	stimuli	(e.g.	
emotional	 faces).	At	 the	 same	 time,	 norepinephrine	down-regulates	 the	‘executive	 control	





leads	 to	 the	 release	of	corticotropin	 releasing	hormone	 (CRH)	 in	 the	hypothalamus	within	





of	 the	 immune	 system.	However,	 glucocorticoids	 also	 affect	 brain	 function,	which	will	 be	
described	in	detail	below.	The	activation	of	this	second	system	is	somewhat	slower	than	the	




























‘Stress is a state of tension that reflects not so much what happens but rather how one takes it’	
(de	Kloet,	2014).	It	is	also	important	to	keep	in	mind	that	our	stress	response	has	presumably	
evolved	 for	 short-term	physical	 stressors,	which	 can	be	dealt	with	by	 enhanced	 vigilance,	
muscle	power,	automated	behaviors,	and	well-learned	habits.
Two receptor types for glucocorticoids
In	this	thesis,	I	will	mainly	focus	on	the	action	of	glucocorticoids.	They	bind	to	two	receptor	










and	 behavior.	 Rather,	 the	MR	was	 thought	 to	maintain	 baseline	 firing	 activity	 of	 neurons,	
to	enable	 low	baseline	 levels	of	cortisol	 through	negative	 feedback,	and	 to	determine	 the	
sensitivity	of	the	HPA	axis	(de	Kloet	et al,	2008a;	DeKloet	&	Reul,	1987;	Joëls	et al,	2008).	The	GR	
on	the	other	hand	is	more	widely	distributed	in	the	brain	and	has	a	lower	affinity	for	cortisol,	
making	 it	more	 suitable	 to	mediate	 stress-induced	 changes.	Therefore,	 stress	 research	has	
focused	on	the	GR	for	a	long	time.	Importantly	though,	in	recent	years	it	was	discovered	that	
both	MR	and	GR	can	also	be	found	at	the	plasma	membrane,	as	opposed	to	the	cytoplasm	
or	nucleus	of	neurons	 (Joëls	et al,	2008;	Karst	et al,	2005).	 Interestingly,	 in	 this	 form	the	MR	





effects	of	 the	MR	were	only	discovered	 recently	 and	 seem	 to	be	 involved	 in	 the	appraisal	
of	new	situations,	HPA	axis	activation,	and	enhancement	of	catecholaminergic	effects	(Groe-













However,	 as	 yet,	 little	 is	 known	about	 rapid	glucocorticoid	effects	on	human	cognition	
presumably	mediated	by	membrane-bound	MRs.	Given	the	expression	pattern,	it	is	conceiv-
able	that	the	MR	might	play	a	role	in	the	processing	of	salient	stimuli	and	memory	formation.	
The aim of this PhD project was therefore to learn more about the cognitive functions 































Despite	 its	 role	 in	diseases,	 it	 is	 important	 to	 keep	 in	mind	 that	 stress	 is	 not	 inherently	





and	Folkman	put	it,	‘Stress is an inevitable aspect of the human condition, it is coping that makes 





some	 individuals	 can	 successfully	 cope	with	 stressful	 life	 events	while	 in	other	 individuals	
these	 events	 trigger	 psychiatric	 or	 somatic	 diseases.	 Investigating	 these	 inter-individual	











can	then	be	aggravated	or	relieved	by	the	 interaction	with	environmental	 factors	 (Caspi	et 
al,	2003;	Ingram	&	Luxton,	2005;	Karg	&	Sen,	2012).	Finally,	disorders	such	as	depression	are	
multifactorial	and	have	heterogeneous	phenotypes,	i.e.	the	specific	causes	and	characteristics	




















MacLeod,	 2005)	 and	heightened	 in	 individuals	with	 a	 vulnerability	 to	develop	depression,	






Genetic differences in MR-functionality: the MR as a resilience factor?







enhanced	 forebrain	MR-expression	was	 in	general	 associated	 to	 smaller	 cortisol	 responses	
to	stress,	and	prevention	of	 the	HPA	from	overshooting	 (Harris	et al,	2013;	Rozeboom	et al,	







et al,	 2009)	and	some	evidence	points	 to	enhanced	baseline	cortisol	 levels	 (ter	Horst	et al,	









keep	 in	mind	 that	 overexpressing	or	 knocking	out	genes	 are	 strong	manipulations	which	





















The	 rodent	 and	 human	 studies	 summarized	 above	 suggest	 that	 common	 variations	 in	
the	gene	coding	for	the	MR	might	have	effects	on	the	stress	systems,	memory,	vigilance	to	
salient	cues,	and	mental	health.	In	line	with	the	gene-environment	framework,	these	effects	
might	be	 triggered,	 exaggerated,	or	 relieved	by	environmental	 influences.	 Studying	gene-
environment	interactions	might	therefore	help	us	to	understand	why	some	individuals	can	
adapt	 to	 stressful	 events	 better	 than	 others.	The first question we investigated in this 
thesis is whether common variants in the gene coding for the MR are related to an 









framework?	Answering	 these	questions	might	 explain	parts	 of	 the	 striking	 inter-individual	
variance	in	response	to	stressful	life	events,	leading	to	vulnerability	in	some	individuals	and	
resilience	in	others.
Acute effects of MR-activation
After	establishing	cognitive	consequences	of	stable	variations	of	MR	functionality	(chapter	2),	
I	will	turn	to	the	effects	of	acute	activation	or	blockade	of	this	receptor	in	humans.	Such	acute	





2013;	Otte	et al,	2010;	Otte	et al,	2006;	Otte	et al,	2014).	MR	blockade	on	the	other	hand	in-
creased	levels	of	cortisol,	with	mixed	effects	on	ACTH	levels	(Cornelisse	et al,	2011;	Deuschle	et 
al,	1998;	Otte	et al,	2010;	Otte	et al,	2007;	Rimmele	et al,	2013;	Schwabe	et al,	2013b;	Schwabe	et 
al,	2013c;	Young	et al,	2003;	Young	et al,	1998).	Acute	MR-blockade	under	baseline	conditions	
(without	 an	 additional	 stress	 induction)	 impaired	 declarative	memory	 retrieval	 (Otte	 et al,	
2007;	Rimmele	et al,	2013),	selective	attention	(Cornelisse	et al,	2011;	Otte	et al,	2007),	and	-	at	
trend-level	-	cognitive	flexibility	(Otte	et al,	2007).	Conversely,	pharmacological	MR	activation	
(without	an	additional	stress	induction)	enhanced	declarative	memory	(Groch	et al,	2013;	Otte	
et al,	2014),	emotional	empathy	(Wingenfeld	et al,	2014),	and	executive	function	(Otte	et al,	
2014).	These	findings	again	suggest	that	the	MR	is	involved	in	HPA	axis	regulation,	memory,	







flexible,	 and	 goal-directed	 systems,	 and	 towards	more	 habitual,	 reflexive,	 and	 automated	












the	amygdala	and	the	dorsal	striatum	(Cousijn	et al,	2012;	Kim	et al,	2001;	Schwabe	et al,	2013c;	
van	Marle	et al,	 2009).	When	 this	PhD	project	 started,	a	 seminal	 study	had	 recently	 shown	
that	a	stress-induced	shift	towards	more	automated	spatial	memory	was	dependent	on	avail-
ability	of	the	MR	in	mice	(Schwabe	et al,	2010a).	Therefore,	we set out to investigate the role 
of the human MR in stress-induced changes in three cognitive domains which might 
involve the MR, i.e. the processing of salient stimuli, spatial memory, and fear memory.	
We	hypothesized	that	stress	leads	to	a	broad	shift	in	behavior	and	cognition,	mediated	by	the	
amygdala	and	dependent	on	cortisol	interacting	with	MRs.	To	test	this,	we	set	up	a	large	study	











With	 the	 first	 task,	 we	 aimed	 at	 investigating	 functional	 connectivity	 of	 the	 amygdala	
while	participants	were	processing	salient	stimuli,	 i.e.	pictures	of	faces	with	angry	and	fear-
ful	expressions.	We	tested	 if	 stress	 leads	 to	 rapid	changes	 in	 the	crosstalk	of	 the	amygdala	
Figure 1.1.  Experimental	setup	implemented	for	the	pharmacological	studies	described	in	chapter	3,	4,	and	5.	
Participants	were	administered	with	either	an	MR-antagonist	or	placebo	before	undergoing	a	stress-induction	
or	non-stressful	control	procedures.	Three	tasks	followed	investigating	the	processing	of	emotional	faces,	spa-













information	and	detecting	 salient	 environmental	 stimuli.	 If	 threat	 is	detected,	 the	BLA	will	

























































memories	 into	a	 coherent	 sequence	of	events	 (Acheson	et al,	 2012).	Again,	we	 tested	 the	
underlying	neural	mechanisms	of	this	shift	and	its	possible	mediation	by	MR-activation.
Together,	these	three	chapters	on	the	effects	of	acute	MR-activation	and	MR-blockade	will	
provide	us	with	more	 information	on	 the	 role	of	 the	MR	 in	 stress-induced	changes	 in	 the	
human	brain.	We	will	 show	that	stress	 indeed	seems	to	 induce	a	 rapid	shift	 towards	more	
automated	forms	of	learning,	that	this	is	associated	to	specific	changes	in	brain	activity	and	
connectivity,	and	that	the	MR	appears	to	play	a	crucial	role	in	this	shift.
Summary of the introduction
In	 this	 thesis,	we	aimed	at	gaining	a	better	understanding	of	 the	role	of	 the	human	MR	 in	
cognition	 by	 combining	 a	 genetic	 and	 a	 pharmacological	 approach.	We	 first	 tested	 how	
stable	natural	differences	 in	MR-functioning	caused	by	genetic	 variations	 in	 the	MR	affect	






in	 participants	with	 available	MRs	 and	 in	 participants	who	 received	 an	MR-antagonist.	 By	
learning	more	about	the	effects	of	stable	and	acute	differences	in	MR-functioning,	we	hoped	
to	better	understand	the	role	of	the	MR	in	human	cognition.
The	 following	 four	 chapters	will	 describe	 the	projects	 outlined	 above	 in	 detail.	 As	 already	
indicated,	the	studies	conducted	in	chapter	3,	4,	and	5	were	based	on	different	data	acquired	
in	 the	 framework	of	one	 large-scale	project	with	 the	same	participants.	Nonetheless,	each	






Linking genetic variants of the 
mineralocorticoid receptor and negative 




































To	 find	genetic	 risk	 factors	 for	 heterogeneous	 and	 complex	diseases	 such	 as	MDD,	 the	
endophenotype	approach	has	gained	increasing	recognition	(Franke	et al,	2009;	Hasler	et al,	
2004).	 Endophenotypes	 represent	 heritable	 phenotypic	 constructs	 which	 are	 presumably	
more	directly	affected	by	genetic	variations	 than	disease	categories	or	 symptoms	 (Gottes-
man	&	Gould,	2003).	In	contrast	to	overt	clinical	phenotypes,	they	appear	less	complex	and	









comparable	structural	brain	variations	as	 frequently	 found	 in	MDD,	 i.e.	 increased	amygdala	
volume	and	decreased	hippocampal	volume	(Gerritsen	et al,	2011).







primarily	 focused	on	 the	 lower-affinity	GRs	 (Anacker	et al,	 2011).	However,	 it	was	 recently	
shown	that	MRs	also	locate	in	the	membrane	of	neurons.	There,	MRs	appear	to	have	a	lower	
affinity,	 so	 that	 they	 respond	 to	 stress-induced	 increases	of	 cortisol	 and	play	a	 functional	
role	 in	mediating	 stress	 effects	 (Joëls	et al,	 2008).	 In	 terms	of	psychopathology,	 brain	MR	









Beyond	genome-wide	approaches,	most	previous	studies	 investigating	 the	 influence	of	


















































2011).	DNA	was	 extracted	 from	 saliva	using	Oragene	 kits	 (DNA	Genotek,	 Kanata,	 Canada).	
Genotypes	 for	NR3C2	 were	 available	 from	 genotyping	 using	 AffymetrixGeneChip	 SNP	 6.0	



























number	of	 self-endorsed	 adjectives.	These	 variables	have	 the	 advantage	of	 controlling	 for	
differences	 in	overall	 rates	of	endorsement	 (Symons	&	 Johnson,	1997).	As	especially	nega-
tive	memory	bias	measures	had	a	 skewed	distribution,	both	memory	bias	measures	were	








































Post-hoc SNP based analysis
Following	 the	gene-wide	 statistical	 approach,	we	 examined	 the	most	 promising	 SNP	 that	
showed	 significant	 associations	with	 negative	memory	 bias,	 using	 a	 general	 linear	model	
(GLM)	with	age	and	sex	as	covariates.	Again,	additive	genetic	models	were	used.	We	tested	




Several	haplotypes	 in	NR3C2	 are	 known	 to	be	 functional	 (e.g.	DeRijk	et al,	 2011;	Klok	et al,	
2011b;	 van	Leeuwen	et al,	 2011).	Thus,	we	also	 investigated	whether	common	haplotypes	
were	associated	with	negative	memory	bias:	haplotype	block	1:	 rs5522/rs2070951	 in	exon	
2	and	extending	into	the	promoter	region	(Klok	et al,	2011b)	and	haplotype	block	2:	rs5534/





















Analyzing	 the	 gene-wide	 association	 using	 set-based	 testing	 showed	 an	 association	
for	negative	memory	bias	 (p=0.017)	with	27	SNPs	having	p-values<0.05	of	which	 six	were	
























low life adversity high life adversity
male (N=108) female (N=154) male (N=74) female (N=147)
mean	(SD) min max mean	(SD) min max mean	(SD) min max mean	(SD) min max
age 22.0	(2.7) 18 33 21.7	(2.6) 18 34 22.8	(3.5) 18 35 23.1	(3.6) 18 33
negative bias .05	(.09) .00 .40 .04	(.07) .00 .44 .04	(.07) .00 .40 .06	(.10) 0 .45
positive bias .34	(.25) .00 1.00 .40	(.27) .00 1.00 .32	(.22) .00 .90 .39	(.25) .00 .89
life events 2.7	(1.1) 0 4 2.8	(0.9) 0 4 7.9	(3.0) 5 19 7.3	(2.8) 5 23
35







the	 independent	 variable	 did	 not	 change	 the	 result	 (F=2.26,	 df=26,	 p=0.0005).	 Post-hoc	
tests	indicated	that	the	genetic	groups	did	not	differ	in	negative	memory	bias	if	participants	
had	 low	life	adversity	 (all	p>0.15,	Figure	2.3).	However,	within	the	high	 life	adversity	group,	
participants	 homozygous	 for	 the	A	 allele	 of	 rs5534	 had	 a	 stronger	 negative	memory	 bias	
than	both	other	groups	(both	p<0.0001),	with	no	difference	between	the	latter	two	groups	
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genotype GG (N=166) AG (N=226) AA (N=91)
mean (SD) min max mean	(SD) min max mean	(SD) min max
age 22.8	(3.4) 18 35 22.0	(2.8) 18 33 22.5	(3.5) 18 34
negative bias .04	(.07) 0 .44 .04	(.08) .0 .45 .07	(0.11) .0 .40
positive bias .38	(.26) 0 1 .38	(.27) 0 1 .34	(.24) 0 1





















































































High life adversity group
Low life adversity group
(N=91) (N=102)(N=124)(N=75) (N=47) (N=44)
Figure 2.3. Interaction	of	rs5534	and	life	adversity	on	negative	memory	bias.	***	p<0.001,	**	p<0.01.
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Haplotype	 1	 was	 significantly	 associated	 with	 negative	 memory	 bias	 (F=4.218,	 df=2,	
p=0.015).	Post-hoc	comparisons	showed	that	participants	with	no	copy	of	haplotype	1	had	









no	 copy	of	haplotype	1	had	a	 stronger	negative	memory	bias	 than	participants	with	one	
or	 two	copies	of	 this	haplotype	(both	p<0.0001).	Additionally	participants	with	two	copies	






















The	significant	post-hoc	main	effect	 for	 rs5534	 itself	was	expected	given	 the	significant	
finding	in	the	gene-wide	analysis,	and	thus	its	p-value	is	putatively	inflated	(Kriegeskorte	et 






2011).	 However,	 this	 same	 study	 found	 no	 association	 of	 haplotype	 2	 and	 neuroticism	 in	
healthy	controls.	More	research	is	certainly	needed	to	understand	the	role	of	the	functional	
haplotype	blocks	in	NR3C2	and	their	relation	to	psychopathology.
Earlier	 publications	 on	 variations	 in	 NR3C2	 have	 found	 two	 other	 SNPs,	 rs5522	 and	
rs2070951,	and	their	haplotypes	to	be	associated	with	reward	learning,	HPA	axis	functioning,	
hopelessness,	 increased	depressive	 symptoms	 in	 individuals	 above	age	85	and	pre-meno-
pausal	women	(see	e.g.	DeRijk	et al,	2011;	Klok	et al,	2011b;	Kuningas	et al,	2007).	However,	
we	did	not	find	any	associations	of	these	SNPs	or	haplotypes	in	our	study	in	line	with	several	
previous	publications	(Bouma	et al,	2011;	Supriyanto	et al,	2011;	Velders	et al,	2011).
We	 found	 a	 gene-by-life	 adversity	 interaction	 such	 that	 associations	 between	 genetic	










factual	 and	 specific	 events,	 like	divorce	or	death	of	parents,	 that	 require	 a	 clear	 yes	or	 no	
answer	(Brugha	et al,	1985).	Certainly,	depressed	or	sad	individuals	recall	more	negative	events	
39













test	 battery.	 This	 approach	 allowed	 the	 participants	 to	 determine	 themselves	 when	 and	
where	 to	 do	 the	 test	 and	 offers	 less	 organizational	 and	 time	 constraints,	 but	 it	 gave	 less	





on	 relative	measures	 (memory	bias)	 instead	of	 absolute	measures	 (memory	performance),	
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C hapter 3
Blocking the mineralocorticoid receptor 
in humans prevents the stress-induced 
enhancement of centromedial amygdala 







Two	 research	 lines	 argue	 for	 rapid	 stress-induced	 reallocations	 of	 neural	 network	 activity	
involving	 the	amygdala.	One	 focuses	on	 the	 role	of	norepinephrine	 in	mediating	 the	 shift	
towards	the	salience	network	and	improving	vigilance	processing,	while	the	other	focuses	on	
the	role	of	cortisol	in	enhancing	automatic,	habitual	responses.	It	has	been	suggested	that	the	












connectivity	 and	 this	 effect	was	 correlated	with	 the	 stress-induced	 cortisol	 response,	 but	
required	MR-availability.	This	finding	might	 suggest	 that	 the	 stress-induced	shift	described	
by	distinct	 research	 lines	might	 capture	different	 aspects	of	 the	 same	phenomenon,	 i.e.	 a	
reallocation	of	neural	resources	coordinated	by	both	norepinephrine	and	cortisol.
43





and	 fast	 responding	over	elaborate,	 flexible	behavior.	The	amygdala	 is	 crucial	 in	detecting	







induced	 shift	 in	 neural	 processing.	 This	 shift,	 again	 orchestrated	 by	 the	 amygdala,	 favors	
automatic,	habitual	responding	mediated	by	the	dorsal	striatum	at	the	expense	of	controlled,	

































medial	 amygdala	 (CMA)	constitutes	 the	output	 structure	which	 is	 connected,	 among	oth-

































randomly	 assigned	 to	 one	 of	 the	 four	 experimental	 groups.	 The	 factor	 MR-blockade	 was	
manipulated	 in	 a	 double-blind	 fashion.	 However,	 the	 subjects	were	 informed	 about	 their	
assignment	in	terms	of	the	stress	factor	before	scanning	(see	below).
General procedure
Drug administration and adaptation phase
All	testing	took	place	in	the	afternoon.	After	baseline	cortisol,	subjective	mood,	and	vital	signs	













between	stress	onset	and	 task	onset	was	on	average	9	min,	56	 s	 (±110	 s	 [SD]).	Two	other	
Table 3.1: General	characteristics	of	the	study	sample.
measure MR-available MR-blocked average
control stress control stress
N 24 24 26 24
Age 21.6	(2.2) 21.9	(4.0) 22.5	(2.8) 21.5	(2.4) 21.9	(2.9)
Body-mass-index 23.4	(2.4) 22.5	(1.9) 22.7	(2.4) 22.3	(2.5) 22.7	(2.3)
Trait anxiety 28.4	(5.5) 29.0	(5.1) 28.5	(6.1) 29.5	(5.2) 29.0	(5.8)















while	being	closely	observed	by	two	experimenters	 in	white	 laboratory	coats	 (at	 least	one	
female)	acting	in	a	neutral	and	non-supportive	way.	 In	the	control	group,	warm	water	was	
used	(35-37°C),	there	was	no	camera,	and	the	experimenter	was	friendly	and	casually	dressed.	
If	participants	did	not	 remove	 their	 foot	earlier,	 the	experimenter	 stopped	 the	 task	after	3	
min.	The	stress	group	underwent	a	difficult	mental	arithmetic	test	(counting	aloud	backwards	
from	2059	in	steps	of	17)	approximately	40	min	after	the	initial	stress	induction	to	maintain	






















Blocking the mineralocorticoid receptor in humans
3
of	six	5s-trials.	Each	trial	comprised	three	simultaneously	presented	stimuli,	either	emotional	









with	 a	 32-channel	 head	 coil.	 Blood-oxygenation-level-dependent	 (BOLD)	 T2*-weighted	
multi-echo	GRAPPA	images	(Poser	et al,	2006)	were	obtained	with	the	following	parameters:	
Repetition	 Time	 (TR)=2.14s,	 Echo	 Times	 (TEs)=9/21/33/44/56ms,	 34	 transversal	 slices,	 as-
cending	acquisition,	distance	 factor	17%,	effective	voxel	 size=3.3x3.3x3.0mm,	Field	of	View	
(FOV)=212mm.	We	used	this	multiecho	sequence	for	its	improved	BOLD	sensitivity	and	lower	
susceptibility	 for	 artifacts,	 especially	 for	 ventral	 regions	 (Poser	et al,	 2006).	 Additionally,	we	
acquired	high	resolution	T1-weighted	anatomical	 image	(TR=2.73s,	TE=2.95ms,	176	sagittal	
slices,	FOV=256mm,	voxel	size=1.0x1.0x1.0mm).
Behavioral and physiological analysis









[58%	 stress/MR-blocked,	 50%	 stress/MR-available,	 62%	 control/MR-blocked,	 25%	 control/
MR-available],	we	included	scanner	naivety	as	covariate	of	no	interest	in	all	of	our	analyses,	
including	fMRI	analyses.
Negative mood, cortisol, heart rate, blood pressure
To	test	for	successful	adaptation	to	the	laboratory	environment,	the	scores	of	these	variables	
during	 adaptation	 were	 entered	 separately	 into	 repeated	measures	 ANOVAs	 (rmANOVAs)	
with	 the	within-subjects	 factor	 time	and	 the	between-subjects	 factors	 stress	 (yes,	no),	and	




























































Stress measures in the adaptation phase indicate adaptation to the laboratory 
environment
Decreases	throughout	the	adaptation	phase	in	negative	mood	ratings,	cortisol	levels,	heart	
rate,	 and	blood	pressure	 indicate	 successful	 adaptation	 to	 the	 laboratory	 environment	 (all	
main	 effects	 of	 time	 p<0.001).	 Furthermore,	 within	 drug	 groups	 there	 was	 no	 difference	
between	 stress	 and	 control	 groups	 in	 any	measure	prior	 to	 stress	 induction	 (all	 p>0.1).	 In	
line	with	a	regulatory	role	of	the	MR	on	HPA	axis	activity,	the	MR-blocked	groups	had	higher	
cortisol	levels	25	min	before	stress	than	the	MR-available	groups	(t96=3.126,	p=0.002).





and	 a	 time-by-stress	 interaction	 (F(2.4,218.4)=9.812,	 p<0.001).	 Post-hoc	 tests	 revealed	 stronger	
negative	mood	 in	 the	stress	groups	at	5	min	 (trend	 level,	p=0.096)	and	45	min	after	stress	
induction	(p<0.001)	compared	to	the	control	groups.	No	other	significant	group	differences	
















































time*stress p < 0.001
time*MR availability p = 0.001









time*stress p < 0.001
time*stress*MR availability p = 0.057
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(F(2.4,218.4)=2.692,	 p=0.060).	 Post-hoc	 tests	 revealed	 a	 time-by-stress	 interaction	 only	 in	 the	
MR-available	 groups	 (F(2.2,93.5)=10.269,	 p<0.001),	 but	 no	 significant	 stress-related	 increase	 in	
negative	mood	over	time	in	the	MR-blocked	groups.
Cortisol
One	 participant	 from	 the	 Control/MR-blocked	 group	was	 removed	 from	 this	 analysis	 be-
cause	of	 excessive	 cortisol	 levels	 (both	cortisol	 at	 100	min	after	 stress	 and	 the	 increase	of	
cortisol	from	70	to	100	min	exceeded	the	mean	+	3SD	of	the	group).	We	found	main	effects	




p=0.001).	 In	 the	MR-available	 groups,	 the	 stress	 group	had	 higher	 cortisol	 levels	 than	 the	
control	group	at	45	min	(p=0.044)	and	at	trend	level	70	min	after	stress	(p=0.085).	Within	the	










Behavioral measures are not affected by stress or MR-blockade
As	 expected,	 participants	 displayed	 almost	 perfect	 performance	 in	 the	 emotional	 face-
















of	brain	activity	 led	 to	 reliable	main	effects	of	 stress	or	 stress-by-MR-blockade	 interactions.	
However,	when	 extracting	 the	parameter	 estimates	 for	 the	 contrast	 emotion	over	 control	
from	critical	 ROIs	of	 the	 salience	network	 (bilateral	 insula,	 dorsal	 anterior	 cingulate	 cortex,	
defined	using	the	AAL	atlas),	we	found	that	stress	led	to	stronger	activity	in	the	bilateral	insula	
(F(1,91)=4.05,	p=0.047).	This	effect	was	not	influenced	by	MR-availability.






insula,	 dorso-medial	 PFC,	 the	 ventral	 visual	 stream,	 the	midbrain,	 and	 the	 supplementary	
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stress-by-MR-blockade	 interaction	 in	 the	 connectivity	 between	 the	 CMA	 and	 the	 dorsal	
striatum,	more	 specifically	 the	 caudate	 nucleus	 (pSVCcorr=0.005,	 k=21,	Tmax=4.58,	 Figure	 3.4).	
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cortisol	 levels	were	 associated	with	 stress-related	 changes	 in	 connectivity.	To	 this	 end,	we	








but	 not	 in	 comparison	 to	 the	 other	 groups.	 Interestingly,	 this	 association	 in	 the	 stress/
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Discussion




able.	Moreover,	we	demonstrate	 a	 rapid	onset	of	 this	 shift	within	 few	minutes	 after	 stress	
induction,	when	NE	 should	 still	 be	 active	 and	 cortisol	 levels	 are	 rising.	This	 finding	might	
suggest	that	the	two	shifts	 in	brain	networks	during	stress	attributed	to	NE	(Hermans	et al,	
2014b)	and	cortisol	 (Schwabe	et al,	 2013c),	might	be	 related,	 coordinating	 reallocations	of	
neural	resources	involving	amygdala	processing.
Stress-induced	changes	are	brought	about	by	different	waves	of	neuromodulators	(Joëls	


































Only	 few	 studies	have	 investigated	differential	 connectivity	of	 amygdala	 sub-regions	 in	
humans.	 Roy	 and	 colleagues	 revealed	 that	 the	CMA	preferentially	 connects	 to	 subcortical	
brain	 regions,	whereas	 the	BLA	preferentially	connects	 to	cortical	 regions	 in	healthy	adults	
(Roy	et al,	 2009).	A	 study	 in	 social	 anxiety	disorder	patients	 showed	 increased	gray	matter	
volume	 in	 the	 CMA	 and	 less	 distinct	 connectivity	 patterns	 of	 the	 sub-regions	 (Etkin	 et al,	
2009)	compared	to	healthy	controls.	In	another	study,	post-traumatic	stress	disorder	patients	
showed	enhanced	connectivity	between	BLA	and	 regions	of	 the	 salience	network	 (Brown	
et al,	 2014).	These	 studies	highlight	 a	potential	 clinical	 relevance	of	 these	distinct	 regional	



















with	 impaired	control	mechanisms,	might	 facilitate	these	symptoms	(Arnsten,	2009).	 If	 this	
model	would	hold,	one	may	speculate	that	the	MR	might	serve	as	a	drug	target	affecting	for	
example	amygdala-striatum	interactions.














Although	our	 results	point	 to	a	critical	 role	of	 the	CMA,	 the	BLA	might	also	be	 involved	 in	
shifting	brain	networks	under	stress.
Interestingly,	 we	 did	 not	 find	main	 effects	 of	 stress	 on	 amygdala	 reactivity	which	 is	 in	
contrast	to	studies	reporting	enhanced	amygdala	activity	under	stress	(van	Marle	et al,	2009).	
However,	 this	 latter	 study	 tested	 female	 participants	 only	 and	 there	 is	 initial	 evidence	 for	
sex-specific	 effects	 of	 stress-related	 neuromodulators	 on	 face	 processing	 in	 the	 amygdala	





Whereas	 the	 latter	 study	had	a	delay	of	 40	min	between	 stress	 induction	and	 testing,	we	













administration	of	 spironolactone	 led	 to	 a	 rise	 in	 cortisol	 levels,	 both	 in	 the	 control	 and	 in	




























and	neural	 networks	 involved	 in	 the	 stress-induced	 shift,	 their	 correlates	 in	 cognition	 and	
behavior,	and	the	precise	neural	mechanisms	associated.
This study was supported by grants from the Netherlands Organization for Scientific Research 
(NWO) awarded to GF, MJ, and MSO: (433-09-251). Supplementary information is available via the 
Nature Publishing Group: http://www.nature.com/npp/journal/vaop/ncurrent/abs/npp2014271a.
html
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Brain Region cluster 
size












51370*** 28 -96 -6 26.01
inferior	frontal	gyrus,	opercular,	triangular,	and	orbital	part,	middle	frontal	
gyrus,	precentral	gyrus,	insula	(all	R)
4386*** 48 26 20 12.58
supplementary	motor	area	(L,R);	superior	frontal	gyrus,	medial	(L,R),	
median	cingulate	(L,R);	superior	frontal	gyrus,	dorsolateral	(L)
811*** -8 14 48 7.87
inferior	and	superior	parietal	gyrus,	angular	gyrus,	middle	occipital	gyrus	
(all	L)
661*** -30 -58 42 7.40
gyrus	rectus 409** 0 56 -16 6.29
angular	gyrus,	inferior	parietal	gyrus,	middle	occipital	gyrus	(all	R) 252* 34 -56 42 5.66
Emotion < visuomotor control




8345*** 12 46 -2 9.08
angular	gyrus;	supramarginal	gyrus;	inferior	parietal;	rolandic	operculum;	
superior	temporal	gyrus	(all	R)
2324*** 60 -48 36 8.58
inferior	parietal;	supramarginal	gyrus;	angular	gyrus;	middle	occipital	
gyrus;	superior	temporal	gyrus	(all	L)
1523*** -58 -52 36 6.92
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response	 learning	 based	 on	 the	 striatum	 at	 the	 cost	 of	 place	 learning	 depending	 on	 the	
hippocampus.	While	the	neural	basis	of	this	shift	is	still	investigated,	previous	evidence	points	






















contrast,	 the	contribution	of	a	 rather	controlled	‘cognitive’	memory	system	centered	at	 the	




Despite	 its	 assumed	beneficial	 effects	 in	 acutely	 threatening	 situations,	 this	 shift	might	
prove	 relevant	 for	 several	 psychiatric	 disorders	 involving	well-learned	 but	maladaptive	 re-
sponses	to	salient	cues.	For	example,	habitual,	often	generalized	stimulus-fear	associations,	
concurrent	with	impaired	hippocampal	memory	functioning	might	underlie	post-traumatic	



















































drugs	 for	 72h,	 alcohol	 for	 24h,	 and	 coffee	 for	 3h	 before	 testing.	 All	 participants	 provided	
written	 informed	 consent	 and	were	 financially	 compensated.	 Two	 participants	 had	 to	 be	
excluded	due	to	panic	attacks	and	motion	sickness	during	scanning	and	one	participant	did	











Drug administration and adaptation phase
Testing	 took	 place	 in	 the	 afternoon	 to	 ensure	 stable	 endogenous	 levels	 of	 cortisol.	 After	
obtaining	baseline	salivary	cortisol,	 subjective	mood,	and	vital	 signs	 (blood	pressure,	heart	
rate)	 assessments,	 participants	 were	 orally	 administered	 four	 capsules	 containing	 either	
100mg	of	the	MR-antagonist	spironolactone	each	(tablets;	Teva	Pharmachemie,	Haarlem,	the	
Netherlands)	or	placebo.	This	dosage	 is	 in	accordance	with	other	studies	 investigating	 the	




Participants	were	brought	 to	 the	MRI	scanner	and	underwent	a	stress	 induction	or	a	non-
stressful	control	procedure	(described	below).	A	short	task	probing	processing	of	emotional	







position	on	 the	scanner	bench,	 immersed	 their	 right	 foot	 into	 ice	water	 (0-2°C)	up	 to	and	
including	 the	 ankle,	 and	held	 it	 there	 as	 long	 as	possible	 (task	 stopped	 after	 3	min).	Dur-
ing	foot	immersion,	participants	looked	into	a	camera	while	being	closely	observed	by	two	










mood,	 the	Positive	and	Negative	Affect	Scale	 (Watson	et al,	 1988)	was	administered	either	
on	paper	or	presented	digitally	in	the	MRI	scanner,	programmed	in	Presentation®	(Neurobe-












exceeded	mean+3SD	of	 the	group).	 Remaining	missing	 cortisol	 data	 (seven	non-adjacent	
measurements	 in	 six	participants)	were	 interpolated	by	averaging	across	 two	neighboring	
measurements.	For	negative	mood,	missing	items	(six	items	in	five	participants)	were	replaced	
by	the	individual	mean	score	per	time	point.
Spatial memory task and virtual environment
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their	 locations.	 Subsequently,	participants	were	presented	with	 two	 trials	per	object.	Trials	
were	separated	into	mini-blocks	(unknown	to	the	participants),	each	object	occurring	once	
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Recorded	 variables	were	 reaction	 time	 (until	 object	 drop),	 recall	 error	 (in	 vm),	 and	 the	
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Repeated	measures	 ANOVA	 (rmANOVAs)	were	 implemented	 to	 analyze	 behavioral	 and	
physiological	 data	 including	 the	within-subject	 factors	 time	 and	 object-type	 (only	 for	 the	
influence	parameter)	and	the	between-subjects	factors	stress	and	MR-availability.	The	alpha	
level	was	set	to	0.05	for	all	analyses	(two-tailed),	Greenhouse-Geisser	correction	was	applied	
when	necessary.	 As	participants	 naive	 to	 the	MRI	 scanner	 environment	 can	 show	a	 stress	
response	 to	 the	 scanning	 procedure	 itself	 (Muehlhan	 et al,	 2011)	 and	 our	 experimental	
groups	differed	incidentally	in	their	percentage	of	naive	participants	[58%	stress/MR-blocked,	




Magnetic resonance imaging (MRI) and analysis
MRI	 measurements	 were	 acquired	 using	 a	 1.5tesla	 Avanto	 Scanner	 (Siemens,	 Germany)	










estimated	on	 the	 first	 echo	using	 least-squares	 estimation	 and	movement	 correction	was	
applied	to	the	five	echoes	acquired	 for	each	excitation	using	six	 rigid-body	transformation	




































striatal	 connectivity	under	 stress,	we	extracted	 the	 time	course	of	 amygdala	 activity	using	
the	‘Physio/Psycho-Physiologic	 Interaction’	tool	as	 implemented	in	SPM8.	The	bilateral	seed	
was	functionally	defined	as	the	combination	of	stress-by-MR-availability	interactions	on	the	







For	whole-brain	 analyses,	 the	 significance	 threshold	was	 set	 to	pFWE<0.05	 (cluster-level).	





2.4.	Given	our	hypothesis	concerning	an	MR-dependent	 stress-induced	shift,	we	 focus	 the	
results	on	effects	of	stress,	possibly	mediated	by	MR-activation.
71
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Results
Stress measures in the adaptation phase
Negative	mood,	 cortisol	 levels,	 heart	 rate,	 and	 blood	 pressure	 decreased	 throughout	 the	
adaptation	phase	 indicating	successful	adaptation	to	the	 laboratory	environment	 (all	main	





Stress measures in the experiment phase
The	stress	group	immersed	their	foot	in	water	for	less	time	than	the	control	group	(F(1,93)=20.12,	
df=1,	 p<0.001),	 but	 importantly,	 there	was	 no	 influence	 of	MR-availability	 (main	 effect	 or	
interaction).	 Stress-related	 increases	 in	 negative	 mood,	 cortisol,	 and,	 at	 trend-level,	 heart	
rate	demonstrated	successful	stress	induction	(Figure	4.2,	negative	mood:	stress	main	effect	
(F(1,91)=10.91,	p=0.001),	time-by-stress	interaction	(F(2.4,218.4)=9.81,	p<0.001);	cortisol:	stress	main	
effect	 (F(1,92)=13.00,	 p=0.001),	 time-by-stress	 interaction	 (F(2.5,229.5)=8.93,	 p<0.001);	 heart	 rate:	
time-by-stress	interaction	(F(6.0,525.9)=2.00,	p=0.065)).	Stress-related	increases	were	comparable	
in	both	medication	groups,	 although	 there	was	a	 trend	 for	MR-blockade	 to	 reduce	 stress-
induced	negative	mood	 (time-by-stress-by-MR-blockade	 interaction	F(2.4,218.4)=2.69,	p=0.060,	
MR-available:	F(2.2,93.5)=10.269,	p<0.001,	MR-blocked:	p>0.1).
As	 expected,	 MR-blockade	 led	 to	 heightened	 cortisol	 levels	 (MR-blockade	main	 effect	
(F(1,92)=15.01,	p<0.001),	time-by-MR-blockade	interaction	(F(2.5,229.5)=6.22,	p=0.001))	(de	Kloet	et 
al,	2005),	but	did	not	affect	blood	pressure	or	heart	rate.








locations	were	 influenced	by	both	boundary	and	 landmark	cues,	 and	participants	 learned	
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we	 found	a	 trend	 for	enhanced	activity	 in	 the	dorsal	 striatum	 (putamen:	pSVC=0.084,	 k=29,	
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by	the	boundary.	Consequently,	 the	 infl	uence	varies	between	0	 (fully	 relying	on	the	 landmark)	and	1	 (fully	


















see	Figure	S4.2).	 In	 line	with	a	 stress-induced	shift	 towards	 increased	use	of	 the	 landmark,	
the	 stress/MR-available	 group	 was	 the	 only	 group	 with	 a	 significant	 difference	 from	 0.5	
which	would	represent	an	equal	 influence	of	both	memory	systems	(p=0.007).	To	account	
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reliance	 on	 the	 boundary.	 This	 indicates	 enhanced	 use	 of	 the	 striatum-based	 stimulus-
response	 learning	system	and	reduced	reliance	on	the	hippocampus-based	place	 learning	
system	under	stress.	 In	 line	with	our	hypothesis,	 this	stress-induced	shift	 towards	stimulus-
response	learning	depended	on	MR-availability	as	it	was	reversed	by	an	acute	administration	
of	spironolactone.




or	 feedback	was	 affected	by	 a	 stress-by-MR-blockade	 interaction	 similar	 to	 the	behavioral	









Table 4.1. Stress-by-MR-availability	 interactions	on	the	correlation	between	cortisol	 increase	and	amygdala	
activity.
task phase hemisphere Tmax k pSVC
recall	landmark-based	objects left 2.95 5 0.080#
recall	boundary-based	objects left 3.15 7 0.049*
right 2.83 2 0.089#
feedback	landmark-based	objects left 4.92 38 <0.001***
right 4.26 40 0.002**
feedback	boundary-based	objects left 3.72 36 0.012*
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tion	 (Doeller	et al,	 2008).	 In	 line	with	our	hypothesis	 concerning	a	 stress-induced	 shift,	we	










effects	mediated	by	 receptors	 residing	presumably	at	 the	membrane	or	 in	 the	cytoplasm,	
respectively	(Joëls	et al,	2012).	In	general,	the	fast	non-genomic	effects	mediated	mainly	by	
the	MR	 are	 assumed	 to	be	permissive	 for	 the	 stress	 response,	 possibly	 in	 interaction	with	
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The	 finding	 that	 a	 stress-induced	 amygdala	 activation	 depends	 on	 the	 MR	 was	 never	
shown	in	humans,	but	was	suggested	by	in-vitro	experiments	(Karst	et al,	2010).	These	authors	
demonstrated	 rapidly	 enhanced	 amygdala	 excitability	 after	 corticosterone	 administration,	




















Therefore,	our	 results	may	be	 interpreted	 in	 terms	of	 a	 change	 in	 the	 relative	balance	be-
tween	MR	and	GR	activation	towards	the	GR,	rather	than	the	consequence	of	MR-blockade	








ing	 suggested	 that	 a	 stress-induced	 shift	 towards	 systems	 supporting	 habit-like	 behavior	
might	arise	from	changes	in	amygdala	connectivity	with	the	hippocampus	and	the	striatum	
(Schwabe	 et al,	 2013c;	Vogel	 et al,	 2015)	 or	 by	 affecting	hippocampal	 activity	 (Vogel	 et al,	
accepted	for	publication).	Beyond	that,	our	current	findings	suggest	that	also	amygdala	activ-


















also	 the	updating	of	already	encoded	 (but	not	yet	consolidated)	 information	might	be	af-















objects	 in	 the	first	 trial	of	 test	1	which	seems	counterintuitive.	This	was	possibly	 related	to	
the	fact	that	the	first	two	objects	 in	trial	1	were	landmark-based,	which	might	have	biased	
participants’	responses	for	the	two	boundary-based	objects.	Despite	this	main	affect	over	all	
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study	was	 carried	out	 in	male	participants	only	due	 to	practical	 limitations	 to	our	 sample	
size	in	line	with	many	other	studies	(e.g.	Cornelisse	et al,	2011;	Otte	et al,	2007).	Whether	MR-
antagonists	affect	learning	strategies	similarly	in	females	remains	to	be	investigated.










performance	under	stress	 (Schwabe	et al,	2010a)	but	might	also	 lead	to	strong	 learning	of	
salient	cues	which	are	hard	to	unlearn	or	update,	potentially	predisposing	individuals	(at	least	
males)	 to	develop	psychopathology.	 Importantly,	our	data	suggest	 that	 the	stress-induced	
shift	may	be	prevented	by	an	acute	administration	of	MR-antagonists	 -	and	possibly	other	
manipulations	-	dampening	amygdala	hyperactivity.
This study was supported by grants from the Netherlands Organization for Scientific Research 
(NWO) awarded to GF, MJ, MO, and HJK (433-09-251) and CFD (Vidi 452-12-009). CFD is also sup-
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A stress-induced shift from trace 










Despite	this	significance,	 the	mechanism	by	which	stress	modulates	 fear	 learning	 is	poorly	
understood.	Memory	theories	state	that	stress	can	cause	a	shift	away	from	cognitively	more	
demanding	 processing	 depending	 on	 the	 hippocampus	 towards	more	 reflexive	 process-
ing	 supported	by	amygdala	and	striatum.	This	 shift	may	be	mediated	by	activation	of	 the	
mineralocorticoid	receptor	(MR)	for	cortisol.	Thus,	we	investigated	how	stress	shifts	processes	
underlying	cognitively	demanding	versus	 less	demanding	 fear	 learning	using	a	 combined	
trace	and	delay	fear	conditioning	paradigm.	In	a	pharmacological	fMRI	study,	we	tested	101	
healthy	men	probing	 the	 effects	 of	 stress	 (socially	 evaluated	 cold	pressor	 vs.	 control)	 and	
























and	brain	areas	 involved	by	preventing	 reflexive	 learning	 (Clark	&	Squire,	 1998).	While	 less	
studied,	 trace	 conditioning	 is	 thought	 to	be	more	 cognitively	demanding,	 require	higher-






potential	 clinical	 significance,	 the	 interaction	 between	 stress	 and	 fear	 learning	 is	 not	well	
understood.	 Stress	 in	 general	 appears	 to	quickly	 induce	 a	 reallocation	of	 neural	 resources	
causing	a	shift	away	from	cognitively	demanding	to	less	demanding	processing,	for	example	
by	 impairing	 hippocampus-dependent	 but	 enhancing	 amygdala-dependent	 processing	
(Cousijn	et al,	2012;	Pruessner	et al,	2008;	Schwabe	et al,	2013c;	van	Marle	et al,	2009).	These	
neural	changes	might	 then	differentially	affect	different	 types	of	 fear	 learning	 (Hermans	et 
al,	 2014b;	 Packard	 &	 Teather,	 1998;	 Schwabe	 &	Wolf,	 2013).	 Initial	 evidence	 suggests	 that	
norepinephrine	 (Hermans	et al,	 2011)	and	cortisol	 (Schwabe	et al,	 2013c;	Vogel	et al,	 2015)	
are	critical	in	this	stress-induced	shift,	the	latter	via	the	mineralocorticoid	receptor	(MR).	The	
involvement	of	the	MR	was	first	discovered	in	the	spatial	memory	domain	where	stress	led	












nitively	 less	demanding	 fear	 learning.	This	challenge	 required	manipulating	MR-availability,	
inducing	a	state	of	stress,	and	administering	a	fear	learning	task	that	distinguishes	between	
cognitively	demanding	and	less	demanding	learning	types	while	measuring	neural	correlates.	
We	 employed	 a	 randomized,	 placebo-controlled,	 full-factorial	 design	 (between-subjects	
factors	 stress	 and	MR-blockade)	 in	 healthy	men	 undergoing	 a	 combined	 delay	 and	 trace	
conditioning	 paradigm	 while	 measuring	 brain	 activity	 using	 functional	 magnetic	 reso-
nance	 imaging	(fMRI).	We	hypothesized	that,	under	MR-availability,	stress	 leads	to	a	shift	 in	









to	 the	MRI	 scanner,	 smoking	 (>5	 cigarettes	weekly),	 alcohol	 consumption	 (>21	beverages	
weekly),	use	of	recreational	drugs	(>weekly),	psychotropic	medication,	and	hepatic,	cardio-
vascular,	or	renal	impairments.	Athletes	were	excluded	because	of	a	possible	positive	doping	





Participants	 were	 randomly	 assigned	 to	 one	 of	 four	 groups	 (control/MR-available,	 stress/
MR-available,	 control/MR-blocked,	 stress/MR-blocked).	While	 the	 factor	MR-availability	was	
manipulated	in	a	double-blind	fashion,	the	factor	stress	was	not.











Experimental phase day 1
Participants	performed	the	fear	conditioning	paradigm	in	the	MRI	scanner	immediately	after	
the	last	part	of	either	stress	induction	or	non-stressful	control	procedure	(described	below).	









scanner	 compatible	 version	 (Schwabe	et al,	 2012b).	 Participants	were	 in	 a	 supine	position	
on	the	scanner	bench	and	immersed	their	right	foot	into	ice	water	(0-2°C),	up	to	and	includ-
ing	 the	 ankle	 and	held	 it	 there	 as	 long	 as	possible	 (the	 task	 stopped	 after	 3	min).	During	
foot	 immersion,	 participants	 looked	 into	 a	 camera	 while	 being	 closely	 observed	 by	 two	
non-supportive	experimenters	in	white	laboratory	coats.	To	ensure	sustained	stress,	a	socially	






the	 experiment	 (Figure	 5.1).	 For	 negative	 mood,	 the	 Positive	 and	 Negative	 Affect	 Scale	
(Watson	 et al,	 1988)	was	 administered	 either	 on	paper	 or	 presented	 on	 the	 screen	 in	 the	
MRI	scanner,	programmed	 in	Presentation®	 (Neurobehavioral	Systems,	 Inc.).	Sum	scores	 for	
negative	mood	were	calculated	per	time	point.	Vital	signs	were	measured	using	an	automatic	
blood	pressure	monitor	with	arm	cuff	 (Intellisense®,	OMRON,	 the	Netherlands)	outside	 the	
MRI	scanner.	Heart	rate	during	scanning	was	acquired	using	the	heart	rate	device	of	the	MRI	
scanner,	peak-scored	using	in-house	software	and	averaged	over	time	bins	of	1	min	to	cover	
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Dual delay and trace fear conditioning task



















Combined delay and trace fear conditioning procedure
























































































and	 the	between-subject	 factors	 stress	and	MR-availability.	The	alpha	 level	was	 set	 to	0.05	
for	all	analyses	(two-tailed),	Greenhouse-Geisser	correction	was	applied	when	necessary.	As	
participants	naive	 to	MRI	 scanning	can	show	a	 stress	 response	 to	 the	scanning	procedure	
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Magnetic resonance imaging and analysis
MRI	 measurements	 were	 acquired	 using	 a	 1.5tesla	 Avanto	 Scanner	 (Siemens,	 Germany)	




Field	 of	 View	 (FOV)=212mm.	 We	 used	 this	 multi-echo	 sequence	 for	 its	 improved	 BOLD	
sensitivity	 and	 reduced	artifacts,	 especially	 in	 ventral	 regions	 such	 as	 the	 amygdala	 (Poser	
et al,	 2006).	We	 also	 acquired	 a	 high	 resolution	T1-weighted	 anatomical	 image	 (TR=2.73s,	
TE=2.95ms,	176	sagittal	slices,	FOV=256mm,	voxel	size=1.0x1.0x1.0mm).
All	functional	MRI	data	were	analyzed	using	SPM8	(Wellcome	Trust	Centre	for	Neuroimag-








In	 line	with	earlier	 studies	we	 focused	on	 transient,	 learning-related	activity	 (Büchel	et al,	
1999;	Büchel	et al,	1998;	Marschner	et al,	2008)	which	is	supposed	to	decrease	as	soon	as	the	
associations	are	learned	(Büchel	et al,	1999;	Büchel	et al,	1998;	Marschner	et al,	2008;	Tabbert	
Chapter 5
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Comparable	 to	 our	 behavioral	 analysis,	 we	 first	 tested	 for	 brain	 regions	 differentiating	
between	the	three	CS-types	during	CS	and	CSinterval.	We	then	tested	a	possible	stress-induced	





amygdala,	 hippocampus,	 insula,	 dmPFC),	we	 implemented	 small	 volume	 correction	 (SVC),	
using	an	 initial	 threshold	of	p<0.005,	uncorrected,	 followed	by	FWE-correction	(p<0.05)	 for	
multiple	comparisons	within	ROIs.	The	amygdala	mask	was	obtained	similar	to	another	study	
(Schiller	et al,	2013)	based	on	the	overlap	of	 the	contrast	US>baseline	at	pFWE<0.05	and	an	
anatomical	mask	 (Automated	Anatomical	Labeling	 (AAL)	atlas,	Tzourio-Mazoyer	et al,	 2002,	





Excluded participants and handling of missing data
Three	participants	had	 to	be	excluded	 from	all	 analyses	due	 to	panic	attacks	during	scan-
ning	or	non-compliance	with	study	instructions	(participation	in	another	drug	study).	Due	to	
excessive	movement	during	scanning,	five	participants	could	not	be	used	for	fMRI	analyses.	
Technical	 failure	 resulted	 in	another	 four	participants	which	had	to	be	excluded	 from	fMRI	
analysis	and	SCR	analyses	on	day	1	and	three	participants	on	day	2.	One	participant	(control/
MR-blocked)	was	 removed	 from	 the	cortisol	 analysis	on	day	1	because	of	 faulty	measure-
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ments	 (last	cortisol	sample	at	100min	after	stress	and	cortisol	 increase	from	70	to	100	min	








(Table	3.1).	The	stress	group	immersed	their	 foot	 in	water	 less	 long	than	the	control	group	
(F(1,93)=20.123,	df=1,	p<0.001),	but	importantly,	there	was	no	influence	of	MR-availability	(no	
main	effect	or	interaction).
Stress measures adaptation phase







Stress measures experiment phase















Heart rate and blood pressure
As	 expected,	 stress	 induction	 increased	 heart	 rate	 over	 time	 (time-by-stress	 interaction	
F(6.8,569.7)=3.096,	 p=0.004),	with	 higher	 heart	 rate	 in	 the	 stress	 groups	 throughout	 early	 fear	
acquisition	(all	p<0.05),	except	for	minute	10,	14,	and	15	(0.05<p<0.09),	and	at	100	min	post	




(time-by-stress-interaction	 F(2.4,218.4)=9.812,	 p<0.001,	 Figure	 1).	 This	 was	 supported	 by	more	
negative	mood	in	the	stress	groups	as	compared	to	the	control	groups	at	5	min	post-stress	at	
trend	(p=0.096),	and	even	stronger	just	prior	to	the	conditioning	task	(45	min,	p<0.001).	We	




To	 conclude,	 stress	 induction	 was	 successful	 leaving	 stress	 levels	 elevated	 during	 fear	
conditioning.





and	CS+delay-interval	 than	 to	CS-interval	 (both	p<0.001),	but	no	differences	between	CS+trace-interval	
and	CS+delay-interval.	The	lack	of	a	difference	between	the	CS+-intervals	 likely	reflects	the	slow	
nature	of	SCR	and	a	response	to	the	omission	of	an	expected	shock	after	the	unreinforced	
CS+delay	 (Dunsmoor	&	 LaBar,	 2012).	Thus,	 participants	 successfully	 acquired	both	 trace	 and	
delay	conditioned	fear	responses.
Subsequently,	 we	 tested	 whether	 stress	 affected	 fear	 expression	 on	 day	 1	 using	 the	
composite	 score	 to	 directly	 contrast	 CS+delay	 and	 CS+trace.	 Importantly,	 the	 groups	 did	 not	
differ	 in	 response	 to	CS-	 or	 CS-interval	 (all	 p>0.1).	 Potentially	 supporting	our	 hypothesis	 of	 a	
stress-induced	shift,	we	found	a	CS-type-by-stress	interaction	during	CSinterval	presentation	at	
trend-level	 (F(1,89)=3.737,	 p=0.056).	 However,	 no	 post-hoc	 test	 reached	 significance	 and	 no	
influence	of	MR-availability	was	found.
 Stress-induced shift on recall of delay and trace conditioning
Importantly,	 on	 day	 2,	 we	 did	 not	 find	 any	 significant	 group	 difference	 in	 cortisol,	 nega-
tive	mood,	heart	rate,	or	blood	pressure	(all	p>0.05),	supporting	full	drug	wash-out	and	an	
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CS-interval	 (all	p>0.1).	To	 further	elucidate	 the	group	diff	erences,	we	analyzed	 the	composite	
scores	(CS+	minus	CS-),	confi	rming	that	these	diff	erences	were	present	in	the	diff	erential	re-
sponse	to	CS+delay	versus	CS+trace	(CS-type-by-MR-availability	interaction:	F(1,87)=5.087,	p=0.027;	
CS-type-by-stress-by-MR-availability	 interaction:	 F(1,87)=5.144,	 p=0.026).	 When	 directly	 con-
trasting	both	CS+,	we	found	stronger	early	recall	(fi	rst	three	trials)	of	the	CS+delay	as	compared	
































































discerned	a	CS-type-by-time	 interaction	 and,	 at	 trend	 level,	 CS-type-by-time-by-stress	 and	
CS-type-by-stress-by-MR-availability	 interactions	 in	 the	 same	 direction	 as	 for	 the	 cue	 (CS-
type-by-time-by-stress	interaction:	F(1,87)=3.624,	p=0.060,	CS-type-by-stress-by-MR-availability	
interaction:	 F(1,87)=3.217,	 p=0.076).	 These	 results	 support	 again,	 though	 being	 statistically	
weaker,	an	MR-dependent	stress-induced	shift	towards	better	recall	of	delay	than	trace	con-
ditioning	(Figure	5.3).
Neural mechanisms underlying learning
Brain regions showing transient activation to the CS+delay
After	successful	fear	learning	was	confirmed	at	the	physiological	level,	we	investigated	brain	
regions	 involved	 in	 learning	 by	modeling	 a	 response	 decaying	 over	 time.	We	 observed	 a	













Together,	 our	 findings	 confirm	 a	 transient	 role	 for	 the	 hippocampus	 during	 the	 trace	
interval	in	trace	conditioning	(Büchel	et al,	1999),	and	support	evidence	that	the	amygdala	is	
involved	in	encoding	the	cue	for	delay	conditioning	(Marschner	et al,	2008).
Stress-by-MR-availability effects on fear learning related brain activity
We	 extracted	 data	 from	 the	 bilateral	 amygdala	 reactions	 to	 the	 CS+delay,transient	 (at	 p<0.005,	
uncorrected),	 but	 the	 ANOVA	 on	 the	 parameter	 estimates	 for	 CS+delay,transient	 revealed	 no	
effect	 of	 stress	 or	 MR-availability	 (Figure	 5.4).	 However,	 a	 similar	 analysis	 on	 the	 bilateral	
medial	 temporal	cluster	 responding	to	 the	CS+trace-interval	 (at	pFWE<0.05)	 revealed	a	stress-by-
MR-availability	interaction	(F(1,83)=4.573,	p=0.035,	Figure	5.4).	Interestingly,	stress	decreased	the	
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5transient	hippocampal	response	in	the	MR-available	groups	indicative	of	less	learning-related	
activity	(p=0.031),	but	not	in	the	MR-blocked	groups.	In	line	with	the	SCR	results	at	recall,	this	
suggests	an	MR-dependent	stress-induced	 impairment	of	 trace	conditioning	resulting	 in	a	
relative	dominance	of	refl	exive	forms	of	fear	learning.
Neural mechanisms underlying expression of fear
In	line	with	previous	studies,	we	found	sustained	activity	in	a	set	of	brain	regions	overlapping	
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decreased	hippocampal	 learning-related	activity	to	the	trace	 interval,	but	only	 if	 the	MR	was	available.		This	





















slow,	mostly	GR-mediated	effects	 reinstall	homoeostasis	 (de	Kloet	et al,	2008b;	Groeneweg	
et al,	2011).	We	extend	findings	that	the	MR,	presumably	via	non-genomic	pathways,	is	im-
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ner	et al,	2008;	Schwabe	et al,	2013c)	and	memory	 retrieval	under	stress	 (Roozendaal	et al,	
2006b;	Schwabe	et al,	2012b),	stress	often	enhances	encoding	of	declarative	(item)	memory.	
In	apparent	contrast,	we	find	impaired	hippocampus-dependent	fear	learning	under	stress.	
Fear	 conditioning	differs	 substantially	 from	 standard	 declarative	memory	 tasks	 in	 that	 the	
same	few	stimuli	are	repeated,	resulting	in	recurring	encoding-retrieval	cycles.	This	suggests	
that	when	such	encoding-retrieval	cycles	occur	under	stress,	hippocampal	impairment	of	the	
retrieval	 component	may	 disrupt	 stabilization	 of	more	 complex	 associations.	 Interestingly,	
this	resembles	the	impaired	contextualization	of	emotional	memories	associated	with	post-
traumatic	 stress	 disorder	 (Acheson	 et al,	 2012),	 and	 those	 induced	by	 heightened	 cortisol	
levels	in	rodents	(Kaouane	et al,	2012)	and	healthy	adults	(van	Ast	et al,	2013b).
Our	findings	 support	 the	hypothesis	 that	 trace	conditioning	poses	 additional	demands	
(e.g.	working	memory)	and	thus	engages	brain	regions	beyond	those	needed	for	delay	con-
ditioning	(Büchel	et al,	1999;	Gilmartin	et al,	2014;	Knight	et al,	2004;	Raybuck	&	Lattal,	2014).	
Although	it	 is	unclear	how	these	regions	 interact	while	encoding	temporal	CS-US	relation-
ships,	trace	conditioning	seems	to	require	additional	resources	to	encode	the	more	complex	
stimulus	 contingencies.	 The	 simpler	 stimulus-shock	 associations	 and	 concurrent	 sensory	
inputs	in	delay	conditioning,	in	contrast,	can	be	encoded	by	the	amygdala	even	without	the	























specific	effects	 in	 stress	 and	anxiety.	 Finally,	 stress	effects	might	 vary	 across	 the	menstrual	
cycle	(Duchesne	et al,	2012;	Ossewaarde	et al,	2010).	Therefore,	while	our	choice	for	testing	



























for	 post-traumatic	 stress	 disorder,	which	 is	 assumed	 to	 result	 from	 excessive	 fear	 learning	
under	stress	and	is	characterized	by	impaired	hippocampal	functioning	(Acheson	et al,	2012).	
Being	able	 to	place	memories	 in	 the	 right	 context	 and	 to	 retrieve	 those	memories	which	
are	applicable	in	a	specific	context	is	an	important	hippocampal	function	which	is	impaired	
in	PTSD	and	schizophrenia	 (Maren	et al,	 2013).	As	of	yet,	no	studies	have	been	conducted	
to	specifically	target	a	stress-induced	cognitive	shift	 in	patient	populations.	However,	 if	our	
findings	hold	 in	patient	samples,	we	suggest	 that	 the	shift	 is	dependent	on	MR-activation	
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and	might	therefore	be	prevented	by	short-term	administration	of	MR-antagonists.	Related	
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coding	 for	 the	MR	 and	 a	 risk	 factor	 for	 stress-related	mental	 disorders.	 Secondly,	we	used	
a	 pharmacological	 approach	 to	 test	 the	 hypothesis	 of	 a	 stress-induced	 shift	 away	 from	
controlled,	 goal-directed	 processing	 towards	 more	 automated	 and	 habitual	 processing,	
depending	on	MR-availability,	 in	 three	cognitive	domains.	 In	 the	experiments	 summarized	
in	this	thesis,	we	present	work	corroborating	the	suggestion	that	genetic	differences	in	MR-
functioning	may	be	 related	 to	psychopathology	or	 resilience.	Furthermore,	we	support	an	
involvement	of	the	MR	in	mediating	a	stress-induced	shift	towards	more	automated	systems	
underlying	learning	and	behavior.
This	 general	 discussion	 commences	 with	 a	 summary	 of	 the	 aims,	 main	 findings,	 and	




Genetic variants of the MR
In	chapter 2,	we	investigated	innate	variations	 in	MR	functionality,	 i.e.	common	variants	 in	




















et al,	 2015).	This	was	 an	 important	 addition	 to	our	 initial	 finding	as	we	had	 investigated	a	









to	 salient	 stimuli	 (Bogdan	et al,	 2012).	 Just	 like	our	experiment,	 these	human	studies	were	
cross-sectional,	observational	in	nature,	and	relied	on	questionnaire	data	to	assess	stressful	life	
events	(when	life	adversity	was	included).	These	cross-sectional,	subjective	data	make	it	hard	









is	a	nonsynonymous	variation,	 i.e.	 it	does	not	change	 the	 sequence	of	amino	acids	which	
make	up	the	MR.	However,	rs5534	is	present	in	an	upstream	basepairing	site	for	a	microRNA	
(Nossent	et al,	 2011).	The	authors	of	 this	 in-vitro	 study	 reported	 that	 the	A	allele	of	 rs5534	




negative	memory	 bias	 is	 associated	with	 enlarged	 amygdalae	 and	 smaller	 hippocampi	 in	
healthy	volunteers	(Gerritsen	et al,	2011).	Both	of	these	structures	are	involved	in	emotional	
memory	and	stress-related	mental	disorders.	The	authors	interpreted	their	findings	such	that	










the	higher	 the	 risk	may	be	 for	psychiatric	disorders.	This	model	was	supported	by	 the	 few	
post-mortem	studies	investigating	MR-expression	in	patients.	In	line	with	the	findings	from	
genetic	 variants	 resulting	 in	 loss-of-function,	 they	 found	 decreased	MR-expression	 in	 the	
hippocampus	and	prefrontal	cortex	of	depressed	patients	as	compared	to	healthy	controls	








different	 types	of	 antidepressant	drugs	 led	 to	upregulation	of	hippocampal	MRs	 (but	 also	
GRs,	Brady	et al,	1991;	Brady	et al,	1992).	Finally,	activation	of	MRs	was	also	shown	to	be	able	to	
prevent	hippocampal	cell	death	caused	by	GR	activation	(Crochemore	et al,	2005).
All	 in	 all,	 these	 findings	 imply	 the	MR	 in	 resiliency	with	 higher	 expression	 levels	 being	





increased	MR-expression	is	associated	to	better	health	outcomes.	In line with this idea, we 
could show that a supposedly stronger downregulation of MR-expression is related 








Acute activation of the MR: the shift theory
Complementing	 the	genetic	approach	 in	chapter	2,	we	used	a	pharmacological	 set-up	 to	
investigate	the	role	of	the	human	MR	in	acutely	stressful	situations.	Until	 recently,	 research	
on	the	effects	of	stress-induced	cortisol	increases	was	mainly	focused	on	the	other	receptor	









connectivity	 directly	 after	 stress	 onset.	 Studies	 in	 rats	 had	 previously	 suggested	 that	 the	
stress-induced	shift	towards	habitual	processing	is	driven	by	the	amygdala	(Packard	&	Teather,	
1998;	Packard	&	Wingard,	2004;	Wingard	&	Packard,	2008).	A	 later	behavioral	 study	 in	mice	























Nonetheless,	a	 role	 for	 the	amygdala	 in	 the	stress-induced	shift	can	be	 inferred	 from	both	
rodent	and	human	data.
To	summarize,	chapter	3	supported	our	hypothesis	 that	the	MR	mediates	an	amygdala-
dependent,	 stress-induced	 shift	 towards	 the	 striatum,	 supposedly	 favoring	 well-learned	
habit-like	responses	over	more	controlled	and	flexible	behavior.	In	the	following	two	projects,	
we	tested	whether	this	stress-induced	shift	depending	on	MR-availability	would	also	affect	







In	 chapter 4,	 we	 investigated	 the	 stress-induced	 shift	 in	 spatial	 learning	 and	 its	 pos-




ing	based	on	 the	hippocampus	was	 impaired	 in	 these	animals.	 Later	behavioral	 studies	 in	
humans	supported	a	stress-induced	shift	between	spatial	memory	systems	(Schwabe	et al,	
























et al,	2013b).	Furthermore,	 if	stress	effects	on	fear	 learning	were	investigated,	usually	rather	
simple	forms	of	fear	learning	were	tested.	The	hypothesis	of	a	stress-induced	shift,	however,	
concerns	the	contribution	of	different	systems	to	behavior	and	memory	 formation.	To	test	



















Our	finding	can	be	related	to	previous	reports	on	 impaired	hippocampal	 functioning	 in	
patients	with	PTSD	(Acheson	et al,	2012),	schizophrenia	(Maren	et al,	2013),	or	after	cortisol	
administration	 in	 healthy	 participants	 (van	Ast	 et al,	 2013a).	 Considering	 these	 findings	 in	
patients,	it	seems	important	to	study	both	cognitively	demanding	and	less	demanding	types	
of	 fear	 learning	and	 the	way	 they	are	affected	by	 stress.	Combining	different	 types	of	 fear	
learning	allowed	us	 to	show	that	 fear	 learning	does	not	merely	get	better	or	worse	under	
stress.	 Instead,	 specific	 systems	 underlying	 cognitively	more	 demanding	 fear	 learning	 are	
impaired,	 leading	 to	 a	dominance	of	 less	demanding	 forms	of	 fear	 learning.	This	might	 in	
turn	explain	the	enhanced	responding	to	salient	cues	and	the	impaired	contextualization	of	
memories	observed	in	PTSD	patients.
Together, the results presented in the pharmacological studies support the existence 
of a stress-induced shift from flexible, controlled processing towards more automated 

















induced	 shift	 affecting	 brain	 activity,	 connectivity,	 and	 behavior,	 remain	 largely	 unknown.	




that	 seen	 in	 rodents,	 i.e.	expression	at	 least	 in	 the	hippocampus,	amygdala,	and	prefrontal	
cortex	(Klok	et al,	2011a;	Lopez	et al,	1998;	Medina	et al,	2013;	Seckl	et al,	1991;	Watzka	et al,	
2000a;	Watzka	et al,	2000b).	 Interestingly,	we	found	MR-related	effects	 in	overlapping	brain	










- Cognitively more demanding 
- supported by hippocampus and 
  prefrontal cortex
‘Habit-like’, automated systems
- Cognitively less demanding 
- supported by amygdala and striatum
via MR-activation
Aﬀecting: 
processing of emotional stimuli (chapter 3)
spatial memory (chapter 4)






When	 trying	 to	 understand	 the	 consequences	 of	MR	 and	GR	 activation	 it	 is	 important	
to	 also	 consider	 recent	 findings	 that	 both	 receptors	 can	mediate	 rapid,	 presumably	 non-
genomic,	and	slow	genomic	effects.	Rapid	effects,	mainly	mediated	by	the	MR,	are	assumed	
to	 be	 permissive	 for	 stress	 effects	 (Groeneweg	 et al,	 2011;	 Schwabe	 et al,	 2012b).	 These	




be	 further	 investigated.	 Slow,	mainly	GR-mediated	 effects	 appear	 to	 reverse	 the	 effects	 of	
rapid	MR-activation	 in	order	 to	 reattain	baseline	 levels	and	suppress	 the	encoding	of	new	
information.	It	is	assumed	that	the	fast,	non-genomic	effects	develop	within	minutes,	whereas	
the	slow,	genomic	effects	need	about	an	hour	to	develop.	Considering	this	time	scale,	the	
stress-induced	 shift	described	 in	 this	 thesis	 is	 likely	 initiated	by	 rapid	MR-mediated	effects	
via	non-genomic	pathways.	For	the	stress-induced	effects	observed	using	the	fear	memory	
task	(chapter	5)	which	started	45	minutes	after	stress	induction,	genomic	effects	might	have	


























functioning.	This	 approach	 is	 assumed	 to	 yield	 stable	 links	between	 inter-individual	differ-
ences	in	the	genetic	code	and	specific	behavior	or	brain	phenotypes,	which	can	in	turn	be	
associated	with	diseases.	However,	it	was	recently	discovered	that	there	is	an	additional	layer	
between	 the	genetic	code	and	how	 it	 is	 read	out	 into	proteins.	This	new	field	of	 research	
raising	high	hopes	involves	epigenetics	and	complements	classic	genetic	association	studies.	
Epigenetic	changes	concern	 long-lasting	alterations	 in	the	transcriptional	characteristics	of	
cells	 (i.e.	 the	proteins	produced)	without	 changing	 the	genetic	 code	 itself.	These	 changes	
can	enhance	or	repress	the	readout	of	genes	and	thereby	affect	the	functioning	of	all	cells,	
but	leave	the	genetic	code	(i.e.	what	we	investigated	in	chapter	2)	unchanged.	Very	recently,	










epigenetics,	 and	 brain	 function	 in	 humans	 (Mehta	 et al,	 2013;	 Nikolova	 et al,	 2014).	More	
research	into	the	causes,	effects,	and	possible	reversibility	of	epigenetic	changes	after	stress	
might	therefore	help	in	designing	new	treatment	or	prevention	strategies.
Concerning	 the	 pharmacological	 studies	 described	 in	 this	 thesis,	 it	 is	 important	 to	
acknowledge	that	we	only	 investigated	male	participants.	A	recent	study	by	Schwabe	and	
colleagues	 (Schwabe	et al,	2013c)	demonstrated	the	stress-induced	shift	 in	both	male	and	
female	participants,	suggesting	that	our	findings	may	hold	for	females,	too.	However,	other	
studies	found	sex	differences	in	stress	(hormone)	effects	when	investigating	face	processing	
(Schwabe	et al,	2013a),	fear	memory	(Merz	et al,	2013b),	and	spatial	memory	(Guenzel	et al,	
2014).	Moreover,	stress	effects	might	vary	across	the	menstrual	cycle	(Duchesne	et al,	2012;	
























an	 important	 next	 step	given	 that	 these	 are	 important	predictors	 of	 stress-related	mental	
disorders	(Hill	et al,	2012;	Joëls	et al,	2012;	Krugers	et al,	2010;	Marin	et al,	2011).
A	 complicating	 factor	 when	 trying	 to	 understand	 acute	 stress	 effects	 specifically	 on	
memory	concerns	the	different	stages	of	memory.	Stress	can	lead	to	very	different	outcomes	
depending	 on	 whether	 encoding,	 consolidation,	 retrieval,	 or	 reconsolidation	 of	 memory	
is	 affected.	 Stress	 is	 assumed	 to	 rapidly	 enhance	memory	 encoding	 and	 consolidation	by	
inducing	a	so-called	‘memory	formation	mode’	(Schwabe	et al,	2012b).	Rapid	non-genomic	
effects	 of	 corticosteroids	 are	 assumed	 to	 interact	 with	 norepinephrine	 to	 strengthen	 the	
encoding	of	events	occurring	in	the	stressful	situation.	Later	on,	the	consolidation	of	these	
memories	acquired	under	stress	is	enhanced	by	slow,	genomic	corticosteroid	effects	which	
induce	 a	‘memory	 storage	mode’.	 During	 this	 time	window	 (i.e.	 at	 some	 time	 after	 stress	
onset)	the	encoding	of	new	information	is	impaired	in	order	to	avoid	interference	with	the	
memory	trace	encoded	during	the	earlier	stressful	encounter	(Schwabe	et al,	2012b).	Stress	
immediately	before	memory	 recall	 usually	 impairs	 retrieval	 of	 information	 (de	Quervain	et 
al,	1998;	Merz	et al,	2014).	The	effect	of	acute	stress	before	reconsolidation	has	not	yet	been	
sufficiently	investigated	in	humans	(Raio	&	Phelps,	2015),	but	evidence	from	highly	anxious	















in	 the	MR,	ultimately	 leading	to	an	enhanced	negative	memory	bias.	To	 test	 the	effects	of	
stress	and	MR-variants	on	different	stages	of	memory	will	be	an	 interesting	and	 important	
follow-up	on	the	findings	described	in	this	thesis.























neuromodulators	 released	 under	 stress	 include	 among	 others	 norepinephrine,	 dopamine,	
serotonin,	CRH,	ACTH,	endorphins,	enkephalins,	vasopressin,	and	other	neuropeptides.	The	
release	of	yet	other	neuromodulators	and	hormones	such	as	testosterone,	growth	hormone,	
or	 insulin	 is	decreased	under	 stress.	All	 these	modulators,	whether	 increased	or	decreased	
under	stress,	might	in	turn	change	behavior	and	brain	function.
A	study	arguing	against	the	fact	that	cortisol	can	induce	a	stress-induced	shift	in	isolation	
was	 conducted	 by	 Schwabe	 and	 colleagues	 (2012c).	 They	 found	 a	 shift	 towards	 habitual	
processing	only	when	administering	both	hydrocortisone	and	yohimbine	together,	the	latter	
being	a	drug	to	enhance	norepinephrine	activity.	The	shift	was	not	found	when	administering	





















































related	 mental	 disorders	 and	 a	 stress-induced	 shift	 towards	 more	 automated	 systems	
underlying	behavior	and	cognition.	This	shift	appears	to	be	driven	by	MR-activation,	although	
other	messengers	released	under	stress,	e.	g.	norepinephrine,	and	the	other	cortisol	receptor,	
the	GR,	might	contribute	as	well.	MR-activation	appears	 to	 induce	 -	 in	addition	 to	 its	 slow	
gene-mediated	actions	-	rapid,	non-genomic	changes	leading	to	enhanced	amygdala	activ-





Possible implications for clinic and society
Stress	is	a	phenomenon	which	we	encounter	frequently	in	every-day	life.	Healthy	individuals	
will	activate	a	complex	stress-response	in	these	challenging	situations,	allowing	them	to	read-
























In	 the	 remaining	 three	 empirical	 chapters,	 we	 investigated	 a	 stress-induced	 shift	 from	
controlled	 processing	 towards	more	 automated,	 habitual	 behavior.	We	 demonstrated	 this	
shift	in	three	different	cognitive	domains,	indicating	that	it	might	be	a	general	phenomenon	
affecting	a	broad	range	of	human	behavior.	In	line	with	this	idea	of	a	general	stress-induced	
shift,	 recent	 studies	 reported	 similar	 stress	 (hormone)-induced	 shifts	 towards	habitual	 sys-








The	 stress-induced	 shift	 might	 prove	 relevant	 for	 any	 disorder	 involving	 well-learned	
maladaptive	behaviors	or	cognitive	rigidity.	For	example,	anxiety	or	stress	can	lead	to	relapse	
in	drug	addiction	(Herman	&	Polivy,	1975;	Weiss	et al,	2001),	and	also	patients	with	obsessive-


















William	James	supposedly	said	that	 ‘The greatest weapon against stress is our ability to choose 
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Een	 reden	 waarom	 ‘stress’	 zo	 vaak	 bestudeerd	 wordt	 is	 dat	 stress	 in	 veel	 psychische	




















porteerd	 voor	 andere	 genen	 die	 geassocieerd	 zijn	met	 depressie	 en	 blijken	 prototypisch	









sen	 leidt.	Hierbij	wordt	 aangenomen	dat	deze	 shift	 adaptief	 is	omdat	 cognitieve	bronnen	
























Aangezien	 de	 bovengenoemde	 studie	 in	 knaagdieren	 ook	 een	 ruimtelijk	 geheugentaak	




brengen,	 en	 bovendien	 de	 onderliggende	 neurale	 mechanismen	 te	 onderzoeken.	 Nadat	
de	vrijwilligers	de	emotionele	beelden	hadden	verwerkt	 (hoofdstuk	3),	deden	 ze	een	 taak	
in	de	MRI	scanner	die	vergelijkbaar	was	met	een	computerspel.	Ze	leerden	de	posities	van	



































































































in	Nagetieren	 konnte	 zeigen,	 dass	der	MR	unter	 Stress	 zu	 einem	kognitiven	Wechsel	weg	
von	 anspruchsvolleren,	 ressourcenintensiven	 Prozessen	 hin	 zu	 mehr	 automatisierten	 und	
ressourcenschonenden	 kognitiven	 Prozessen	 führt.	 Dabei	 wird	 angenommen,	 dass	 dieser	

























































notwendig.	 Nachdem	 die	 Probanden	 die	 Aufgabe	 zum	 räumlichen	 Gedächtnis	 absolviert	
hatten,	wurde	ihnen	noch	eine	letzte	Aufgabe	präsentiert,	bei	der	sie	lernten,	dass	bestimmte	















Zusammenfassend	 lässt	 sich	 sagen,	 dass	 der	MR,	 über	 dessen	 Einfluss	 auf	 Lernen	 und	
Verhalten	 von	 Menschen	 bisher	 wenig	 bekannt	 war,	 in	 diesen	 Funktionen	 eine	 wichtige	
Rolle	 spielt.	Stabile,	genetische	Variationen	des	MR	scheinen	mit	einem	veränderten	Risiko	
für	 stressbezogene	Störungen	 zusammenzuhängen.	Damit	 können	 sie	 vielleicht	 einen	Teil	
der	großen	Varianz	zwischen	Individuen	und	ihrer	Art	mit	Stress	umzugehen	erklären.	Akute	
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